INTRODUCTION
Energy consumption has risen dramatically in Saudi Arabia over the past decade (more than doubled between 2003 and 2012 [1] ). Population and economic growth, investment in energy-intensive industries, low energy prices, and high temperatures are among the main drivers for this increase, which is expected to continue in the upcoming years. The kingdom has thus announced ambitious plans for alternative energy, with solar energy being the main renewable resource.
The success of the development of solar power plants depends on its potential being correctly evaluated and communicated. Towards this end, Saudi Arabia has launched its Renewable Resource Atlas [2] , which collects ground measured data through stations distributed around the kingdom. The Atlas provides newly collected and historical solar and wind resource monitoring data, as well as satellite-based modeled data, for the use of developers, researchers, government institutions, and policy-makers. In this new collaboration, the Research Center for Renewable Energy Mapping and Assessment (ReCREMA) at Masdar Institute of Science and Technology and the King Abdullah City for Atomic & Renewable Energy (KACARE) aim to create an interactive mapping tool for Saudi Arabia that shows not only solar radiation values, but the performance of different solar technologies. Some solar power plant simulation tools are publicly available, including System Advisor Model by NREL [3] and Greenius by DLR [4] . However, these tools are complex and not useful for the creation of the interactive tool. The method STEPS, presented by DLR in 2001 has a similar approach [5] , but no further development has been found by the authors.
In particular, this paper describes a methodology to size and simulate the solar field of parabolic trough collector (PTC) plants. The 
DESCRIPTION OF THE MODEL

General Overview
The inputs of the model are defined by the user, who may change the major characteristics of the plant (i.e. design net output power, solar multiple and hours of storage) and by the pixels on the map, which defines the location-related information. The fixed inputs are logic design assumptions specified in the model to simplify it and avoid long computation times, benchmarked with industrial standards. The optimum combination of solar multiple and the hours of storage are provided automatically by the model, although the advance user may selects other.
Once the user selects the desired plant inputs, the model performs two calculations. First, the layout of the plant is determined. Then, the tool estimates the annual performance of the plant. As it was mentioned before, these two calculations are carried out for each pixel of the map.
The energy output of the selected plant layout at the design point is equal to the output specified by the user. The aperture area of the solar field is determined by the heat required by the power block and the solar multiple (SM) defined by the user.
Annual Performance Calculations
Once the plant design is determined, the annual performance of the plant can be simulated. For every time step, the simulator uses the meteorological database associated to the pixel to first calculate the amount of energy available for the solar field and the optical losses.
The incident solar power is defined as the energy that strikes on the collector. It is calculated by the following expression:
where I is the direct irradiation, θ is the incidence angle and A apert is the aperture area of the solar field. Unlike the STEPS model [5] , the model to calculate the optical efficiency of the solar field has been developed following the guidelines proposed by the GuiSMo project [6] that recommends including accurate optical efficiency information of the collector, the incidence angle modifier (IAM), the end losses and the shading effects.
The IAM is determined by:
where θ is the incidence angle and the coefficients used are a 0 =2.2307·10 -4 , a 1 =1.1·10 -4 , a 2 =3.18596·10 -6 and a 3 =-4.85509·10 -8 . The end losses (f end ) and the shading effects (f rowShadow ) are calculated following the equations, from [5] :
where l col and w col is the length and width of the collector, d row is the distance between rows, f m is the focal length of the parabola and α s is the solar altitude.
It is assumed that the solar field is periodically cleaned and that the value of F d (cleanliness factor) changes randomly among certain values that follow a normally distributed function, and so do the reflectivity of the mirrors, the transmissivity of the tube cover and the absorptivity of the tube. This method was proposed by Zaversky et al. [7] and the values used are based on the SEGS experimental data.
(5) where r0 is the reflectivity of the parabolic mirrors, γ0 is the geometric intercept factor of the collector , τ0 is the transmissivity of the receiver's glass cover and α0 is the absorbance of the selective coating on the metallic pipe, all at θ=0º.
The energy absorbed by the tube is defined as:
The receiver thermal losses are calculated following the regression lines obtained by Burkholder et al. [8] for the Schott PRT70:
where T HTF is the temperature of the fluid, T amb is the ambient temperature, G b is the DNI multiplied by the cos(θ) and the IAM, V w is the wind speed and the coefficients are shown in TABLE 1. 5.65E-6 b 4 7.62E-8 b 5 -1.70 b 6 0.0125
The thermal losses of the piping are calculated following the method proposed by Patnode [9] :
Once the amount of thermal energy provided by the solar field is calculated, the control algorithm determines the amount of energy sent to the power block and thermal storage.
For the determination of the efficiency and power production of the power block the model uses the equation proposed by Llorente et al. [10] . (10) Where I t is the investment expenditures in the year t, M t the operations and maintenance expenditures in the year t, F t the fuel expenditures in the year t, E t the electricity generation in the year t, r the discount rate and n the life of the system. The economic values used are the ones presented by Montes et al. [12] :
Finally, the modeled performance indicators are rendered as map data layers in the solar atlas infrastructure. Given the atlas resolution, Saudi Arabia represents nearly 500,000 pixels for an annual simulation that has 8760 time steps, with time step of 1 hour. Hence, the number of simulations is so large that the speed of the code that performs the annual simulations is a significant limitation. Therefore, different strategies have been included to increase the speed of the tool. Some of the strategies are the use of empirical correlations, proposed and validated by several authors as shown in this section, and the use of probabilistic approaches and vectorizations to avoid conditional loops.
VALIDATION
The model is compared with the performance of a solar plant located in similar desert conditions: the 100 MW Shams 1 solar plant, operated by Shams Power Company, owned by Masdar, Total and Abengoa. It is located in Madinat Zayed (UAE) and it is the first commercial STE plant installed in the Middle East. The solar field has 627,840 m 2 of parabolic trough, divided in four section. The particularity of the design of this plant was the addition of a gas booster before the turbine, to increase the steam temperature the feeds it, which allows an increase of the efficiency of the turbine.
The data used, provided by Shams Power Company, includes the inlet and outlet temperatures of each solar field section, the flow rates and DNI values measured at the location during one month (March 2015). Due to the particular configuration of the power block, the power production could not be included in the comparison.
The model proposed has been used to calculate the power output from the solar field (before going to the power block) for the same conditions (DNI and ambient temperature) and compared with the actual values obtained in the field.
To compare the both the measured (P SF,meas ) and predicted solar field power (P SF,mod ) the scatter density plot of those variables is shown in Fig. 1 . Most of the values are around the 2.5·10 5 kW, which is near the designed value for this particular solar field. In this case, the correspondence of the model and the measured data is good. In low power values, the correspondence is worst, with a slight overestimation of the production. This overestimation is related to the behavior of the thermal inertia of the solar field and its piping in moments where the field is cooling or heating up. (as shown in Fig. 2 ). There are methods to include this thermal inertia in the calculations. However, they slow down the code and the total over estimation of the solar field production is 10 %, assumed as an acceptable error.
Although some strategies were adopted to increase the speed of the code, the model is still accurate and is able to forecast the thermal power delivered by a solar field under desert conditions. However, the validation was only done for the solar field and not the power block because of the particular configuration of the power block used for Shams. 
RESULTS
In this work the model is used to assess the performance of three solar power plants in three sites (see Table 2 and Fig. 3 ):
• KACARE City, located in Riyadh,near the center of the Arabian Peninsula.
• King Abdulaziz University, located in Jeddah,I on the coast in the western part of the country.
• Tayma Technical Institute, located in Tayma, in the northern part of the country. The assessment the potential of STE in Saudi Arabia in this work is divided in two main steps. First, the resulting LCOE for different SM values are compared for the three sites with different storages. The solar performance for several solar plants with the same capacity (50 MW) for the three sites is calculated to determine how the SM values and the hours of storage will affect each site.
In the second part of the analysis, the performance of the solar plants with SM=1 is analyzed with more details, calculating the monthly average day power output. In the first phase of the collaboration between ReCREMA and KACARE, the DNI and GHI maps where assessed using a combination of satellite images and historical data. The model used in this part of the work was calibrated for the meteorological conditions of the area [13] . This information will be used on the simulator to provide the meteorological information for every pixel.
In this work, the meteorological database for the sites in Table 2 has been provided by KACARE monitoring stations, as part of the Renewable Resource Monitoring and Mapping (RRMM) project [2] . For those sites, information on direct normal irradiance (DNI), ambient temperature and wind speed is available. 
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Once the model is validated, it can be used to assess the performance of a solar power plant. Here, a comparison between the three selected sites is presented.
The optimization of the aperture area (by modifying SM) and the storage will depend on both the performance of the plant and economic parameters The analysis of the relationship between the SM and the storage for the three sites has been done with for a 50 MW plant and for the three sites (Fig. 4) .
For all sites and storage size, a minimum value of the LCOE is reached at a certain SM value. Therefore, the model will select automatically the optimum combination between SM and hours of storage.
In all the three sites, the greater the storage hour, the greater the SM where the minimum is reached. The overall minimum is reached with the maximum storage hours, but the difference between the minimums decreases as the storage capacity increases. Hence, increasing the storage from 2 hours to 4 doesn't have the same effect than increasing it from 10 to 12.Tayma is the site that offset the best LCOE values for all SM and storage sizes. After Tayma the location at K.A. University is the one that reaches smaller LCOE values. Then, the annual performance of three plants (50 MW, SM=1, no storage) is assessed for the three sites. Fig. 5 and 6 show the DNI, DNI·cosθ, the power delivered by the solar field and the power produced by the power block for one day in January and one day in July for each location.
The highest DNI and power values are found on the Tayma solar power plant, although the KACARE site has also good production. The summer values of the King Abdulaziz University plant are low, due to low DNI values which are related to humidity, as the location is close to the sea. In summer, both KACARE and Tayma sites are at the limit of their production, and therefore some energy is being dumped by defocusing of some collectors. This energy could be used if a thermal storage is included in the plant.
On Fig. 7 the average hourly production for each month is presented for the three sites, allowing the comparison of the performance of the three plants. The different meteorology of the three sites first create very different solar fields for the same capacity (50 MW), where the aperture area and the number of collectors are more in Riyadh, than in Jeddah and Tayma being the place where less collectors are needed (see Table 2 ).
In KACARE City site, there are low production values from March to May, which is when the sand storms season take place. The best production is between June and October.
The plant in King Abdulaziz University presents the lowest production of the three. Tayma site presents very good production from April to October and a bit less in the winter, but the location is less affected by the sand season than Riyadh, and less affected by the humidity than Jeddah.
In this work, we do not consider economic parameters. However, as the Tayma plant has the lowest number of collectors still producing the highest production along the year, the analysis implies suggests that Tayma shows the highest economic feasibility for a PTC plant amongst the three site options. 
CONCLUSIONS
The model presented in this work allows the performance simulation of utility-scale PTC power plants, integrated in an existing web-based geographic information system environment. This tool will allow the user to choose a plant design, providing its performance indicators and integrating them in a map. First, the performance of the proposed model has been compared to a real operation of a solar power plant in the Middle East. Then, it has been used for the performance analysis of PTC solar plants in Saudi Arabia. In this analysis, the effect of different input values has been analyzed and then the performance of three solar plant in three different sites has been compared. The location in Tayma arises as the most interesting one from the three analyzed.
